A model for the ionic interactions in polyvalent metal halides was originally built for chloroaluminate clusters using an analysis of data on static and dynamic structure of their molecular monomers [for a review see M. P. Tosi, Phys. Chem. Liquids 43, 409 (2005)]. Recently, by continuing the deformation-dipole model calculations, the transferability of the halogen parameters was tested through the calculation of the structure of alkali halides and alkaline-earth halides. In this work we test the usefulness of the deformation-dipole model in the study of ionic materials by examining the transferability of the overlap parameters for the halogen ions across families of halide compounds. Following a comparative discussion of alkali and alkaline-earth halide monomers near equilibrium, results on alkaline-earth halides are given. By using the transferable ionic potential model we also calculate the equilibrium structure of the molecular clusters, as well as the vibrational frequencies of ACl 4 compounds (where A = U, Np, Pu, Am and Th).
Introduction
Studies of metal halide melts by neutron and X-ray diffraction have shown that melting usually preserves the type of chemical order which is found in the crystal. The crystal structures of metal halide compounds arise from electronic charge transfer and local compensation of positive and negative ionic charges by formation of chemical order.
Calculations of the structure and physical properties of molten salts, ionic glasses and disordered solids have so far mainly relied on ionic models stemming from the early work of Born and Mayer [1] on cohesion in alkali halide crystals. In extending the early Born-Mayer model to calculations of the potential energy curve of the alkali halide molecular monomers, Rittner [2] recognized the need to allow for the electronic polarization dipoles carried by the ions. Tosi and Doyama [3] supplemented the Rittner model by including the overlap deformation dipole. These ideas have been successfully extended to study a number of polyvalent metal halides in both pure and mixed liquid states. Charged or neutral microclusters are stable in many of these melts near freezing, so that the relationship between molecular states and molten states 0932-0784 / 07 / 0500-0265 $ 06.00 c 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com can be quite direct. A remarkable example has been the development and use of such models to study the stability of molecular clusters in molten chloroaluminates [4] . Important examples of computer simulation work on metal halide systems can be found in the work of Madden and coworkers [5, 6] .
In this work, we first present the deformation-dipole model and then discuss the results from the ionic model calculations of our recent work on alkali halides [7] . We then present results on alkaline-earth halides obtained by using transferable halogen parameters. Results on the equilibrium structure of molecular clusters, as well as the vibrational frequencies of ACl 4 compounds (where A = U, Np, Pu, Am and Th) are discussed by analyzing various potential model parameters.
Interionic Force Model
The potential energy U({r i j }, {p i }) of a molecular cluster in an arbitrary configuration is written as a function of the bond vectors r i j and of the electric dipole moments p i carried by the ions. This is
Minimization of (1) with respect to the dipoles yields the dipole p h on a halogen as
where E h is the self-consistent electric field on the halogen, α h and α s are its electrical and short-range polarizabilities, and i m denotes a metal ion which is first neighbour of the halogen. Each component of the shelldeformation dipole in (2) lies along a metal-halogen bond and points toward the metal ion: it is thus opposite to the corresponding electrical induction dipole, so that the dipoles saturate as the ions deform in reaching their equilibrium positions. Van der Waals dipoledipole interactions are included for the halogens in (1). The overlap repulsive energy in (1) is written in the Busing form [8] adopted by Yuen et al. [9] as
where f has the standard value f = 0.05 e 2 /Å 2 . The reader is referred to our earlier work [4] for expressions of the classical polarization energy U cl pol and of the shell deformation energy U shell .
The potential energy function in (1) is handled by a computer programme which first searches for zeroforce configurations corresponding to extrema in the total energy of the molecule, and then evaluates deformations of each zero-force structure in order to assess its mechanical stability and its vibrational frequencies.
In (1) -(3) z i are the effective valencies, R i are the ionic radii, ρ i are the ionic stiffness parameters and α s is the short-range overlap polarizability. The parameters of the transferable deformation-dipole model parameters for the halogen atoms that we have adopted for the alkali halide molecules [7] , using interionic overlap potentials and overlap polarizabilities from the work of Yuen et al. [9] on crystalline properties of these compounds data and from [10] , are reported in Table 1 for divalent and tetravalent metal halides. Similar features are shown by results from calculations on trivalent and pentavalent metal halides, to be reported elsewhere. Table 1 . Model parameters for halogen ions a . [11] . All the other parameters are from [10] .
Alkali Halides and Alkaline-Earth Halides
In our recent work [7] we have quantitatively tested two important aspects of the usefulness of the deformation-dipole model in the study of ionic materials. Firstly, we have seen that the model parameters can be usefully transferred not only between different states of aggregation of these materials, as already demonstrated in our previous work [4] , but also between different families of compounds. Secondly, we have checked the reliability of the model in accounting for strong anharmonicity against a basic quantum mechanical treatment of the potential energy curve of the NaCl monomer [11] .
In Table 2 we report the transferable-model results for the alkali halide molecules [7] , which are the equilibrium bond length r 0 , the equilibrium dipole moment d(r 0 ), the molecular cohesive energy U(r 0 ) and the vibrational frequency ω. The corresponding experimental values are reported in parentheses, whenever available, from [3, 12 -14] . It is seen from Table 2 that the phenomenological theory reproduces the observed trends and often is in good quantitative agreement with the experimental data. This degree of compatibility is especially remarkable for the molecular dipole moments, which directly reflect the distortions of the electronic charge distribution. There are also correlations between the error in the calculated bond length and the inaccuracies of the theory in the other calculated molecular properties: it is therefore good practice to fit measured bond lengths in dealing with clusters of the halides of polyvalent metals. The results confirm that, given the minimal experimental data needed to determine the parameters that are appropriate to the metal ions across different families of compounds, the model has semiquantitative predictive value.
Electrical deflection experiments of molecular beams of alkaline-earth halides by Klemperer et al. [16, 17] have revealed the presence of a large permanent dipole moment of several of these molecules (CaF 2 , SrF 2 , SrCl 2 , BaF 2 , BaCl 2 , BaBr 2 , and BaI 2 ). The dipole moment is associated with a bent molec- [12] ; (ii) dipole moments, from data reported in [13] ; (iii) dissociation energies, from thermochemical data reported in [3] ; and (iv) vibrational frequencies, from spectroscopic measurements reviewed in [14] . In the calculations the values of the model parameters that we have adopted for the alkali metals, using data from [15] and [16] , are reported in [7] . Table 3 . Model parameters for alkaline-earth halides a . [15] , except for Mg [10] . The parameters for Be are taken from [19] and all the other parameters are from [10] . ular configuration, and a full account of the observed trends across the family of compounds has been obtained as arising from the interplay of the electronic polarizability of the cation and of the cation-anion bond length [10] . A broader viewpoint on molecular shapes in alkaline-earth dihalides and in other sp-bound triatomic molecules and clusters has been taken within pseudopotential theories of electronic structure by Andreoni et al. [18] .
By using the transferable halogen parameters in Table 1 and the metal parameters in Table 3 we obtained the results given in Table 4 on alkaline-earth halide molecules. Excellent agreement with the experimental data is obtained. Our results are indeed quite similar to those obtained by Galli and Tosi [10] .
Actinide Chlorides
The physical and chemical properties of molten actinide halides, and especially of chlorides, are important in molten salt technology. Little is known, however, about their liquid structure, justifying an effort to develop interionic-force models that may help in complementing diffraction experiments with simulation studies [20] .
In our early work [21] we have described a model for the ionic interactions in the halides of some tetravalent actinide metals from an analysis of their gaseous monomers. The main focus was on the effective valence, the ionic radius and the electric polarizability of these metal ions, for a given input on the overlap and polarization parameters of the halogens. We have demonstrated some simple and reasonable trends in the metal ion parameters, which might be usefully extended to the whole series of transuranic elements. In the halides of U, Np, Pu and Am we found simple regular trends in the model parameters, while some quantitative deviations from these trends appear in the Th halides.
In this work we repeat the ionic model calculations on the bond lengths and vibrational frequencies for the tetrahedral ACl 4 monomers by using the transferable halogen parameters from Table 1 . The actinide metal parameters are taken from [21] , since the overall agreement with the available data and estimates for tetrachlorides is very good. Our present results are reported in Table 5 , where they are compared with available data and estimates from [22] . We have adjusted the effective valence z A by fitting to the available experimental data to improve the agreement with the experimental evidence on the bond length (first row) or on the vibrational frequencies (second row). Overall charge neutrality determines z A = −3z Cl . The agreement with the available data is quite good.
Concluding Remarks and Future Perspectives
We have tested the deformation-dipole model for ionic materials by invoking the transferability of potential parameters for halogen ions from one material to another. We have seen that the model parameters [12] , while those marked with # are estimated gasphase data taken from [12] . a For each molecule the first and second line gives our results. In the first line the effective valence z A is adjusted to the measured values of the A-Cl bond length. In the second line the value of z A is adjusted to the frequency of the ν 1 mode. The third line reports the data from [22] , estimated values being shown in parentheses.
can be usefully transferred not only between different states of aggregation of these materials, as already demonstrated in our previous work [7] , but also between different families of compounds. With regard to future applications of the present results, it is appropriate to remember that electronic distortions of the outer electron shells of the ions have a rather modest role to play in the theory of the liquid structure of alkali halides near freezing at standard pressure [23] . However, these effects will certainly come to the fore even in these systems, as the liquid density is lowered: specifically, in determining their liquid-gas coexistence curve and their critical behaviour, and in quantitatively describing the transition in the bond character that must take place across the liquid-gas interface in going from a dissociated ionic liquid to a molecular gas. The latter topic is of considerable fundamental and practical interest at present.
